Introduction
With the exhausted of petrochemical sources, biodiesel becomes more and more attractive because it is a good alternative for diesel fuel 1 . Biodiesel is of biodegradation, non-toxic and less air pollutant emissions, and can be put into diesel engine burning directly 2 4 . Biodiesel is an environmental-friendly and renewable fuel owing to the fact that it is made from vegetable oils or animal fats 1 . Biodiesel is constituted from fatty acid methyl esters that is from triglycerides in vegetable oils or animal fats through transesterification reaction with methanol 5 . Therefore, the studies focusing on biodiesel production is growing in recent years. The starting materials of biodiesel production include edible oils e.g. soybean oil, rapeseed oil , waste cooking oil, deodorizer distillate, low grade crude palm oil and others 6 13 .
In the biodiesel production, base-catalysts or acid-catalysts are both used for transesterification and esterification reactions. Since base-catalysts e.g. NaOH lead to unexpected soap productions, resulting in the formation of undesirable emulsions 14 . Unlike base-catalysts, acid-catalysts can avoid saponification, and are suitable for both transesterification reaction of triglycerides and esterification reaction of fatty acids as well. And homogeneous acid catalysts, such as H 2 SO 4 , are difficult to recycle for it can dissolve in the reaction system and corrode processing equipments 15 . p-Toluenesulfonic acid PTSA is a widely used as a homogeneous acid catalyst. Thus, DES composed of choline chloride and PTSA would exhibit both a similar catalytic activity to the original PTSA, and a properties of good solvent. Particularly, the PTSA-based DES would be easily separated from the reaction system. In this work, soybean oil was selected as a model oil to investigate the transesterification of oil with methanol 8, 13 . And PTSA-based DESs were evaluated as the catalyst/solvent in this transesterification to optimize the experiment conditions. More importantly, the special separation ability of DES was also investigated.
Material and methods

Chemicals and reagents
Choline chloride ChCl 98 and p-toluenesulfonic acid monohydrate 99 was purchased from Macklin Biochemical Co. Ltd Shanghai, China . Soybean oil and Wahaha purified water were obtained from local market. Anhydrous sodium sulfate ≥ 99.0
, n-hexane HPLC grade and methanol HPLC grade were purchased from Kermel Chemical Reagent Co. Ltd. Tianjin, China . And methanol was dried by molecular sieve 4A before use.
Preparation of DESs
ChCl and p-toluenesulfonic acid monohydrate were dried in vacuum oven at 40 or 60 for 12 h. DESs were synthesized by heating method. In detail, ChCl and PTSA or zinc chloride ZnCl 2 , zinc bromide ZnBr 2 were mixed with different molar ratios in an oil bath at 80 with continuously stirring, until forming an uniform and transparent liquid. The synthesized DESs were listed in Table 1 . To be note, ChCl is playing the role of hydrogen bond acceptor HBA , while p-toluenesulfonic acid, zinc chloride or zinc bromide are role as the hydrogen bond donor HBD .
Synthesis of biodiesel
Soybean oil, methanol and catalyst were added into a sealed pressure-resistant thick wall reaction tube which was placed in an oil bath and stirred a certain time at 900 rpm. After the reaction, the products were extracted by nhexane from the reaction mixture, and the n-hexane layer biodiesel layer was washed with distilled water for three times to remove water-soluble substances. Then n-hexane and the residual trace water were removed by rotary evaporator under reduced pressure before the products were analyzed. Finally, the obtained products were analyzed by gas chromatograph GC .
Product analysis
The fatty acids profile in soybean oil was analyzed by GC-FID Agilent Technologies 6890N gas chromatograph equipped with hydrogen flame ionization detector , BPX-70 capillary column 30.0 m 250 μm 0.25 μm , sample injection was 1 μL, temperature of column oven was 210 . Flow of nitrogen as carrier gas was 0.4 mL/min. Flow of hydrogen was 30 mL/min. The fatty acids profile in soybean oil was separated by temperature programmed method: the beginning temperature of column oven was 170 , increased to 210 at 3 /min and held for 5.0 min. The processed soybean oils were converted to fatty acid methyl esters before GC analysis.
The transesterification products were analyzed by GC-FID Agilent Technologies 7890B gas chromatograph equipped with a hydrogen flame ionization detector , DB-1ht capillary column 29.0 m 250 μm 0.1 μm , automatic sample injection was 1 μL, temperature of column oven was 360 . Flow of nitrogen as carrier gas was 20 mL/ min. Flow of hydrogen was 60 mL/min. Glycerides mono-, di-, and tri-glyceride; MG, DG, TG and fatty acid methyl esters were separated by temperature programmed method: the beginning temperature of column oven was 100 , increased to 220 at 50 /min, then increased to 290 at 15 /min, rose to 320 at 40 /min, hold 320 for 8 min, next was to 360 at 20 /min, hold 360 for 6 min. Detection of eluents was identified by retention times compared to known standards. Fatty acid esters, monoglycerides, diglycerides, and triglyceride soybean oil standards were used.
Results and discussion
Characterization of soybean oil
Fatty acids composition of soybean oil was calculated based on GC method and summarized in Table 2 . Linoleic acid was the highest content of fatty acids 51.53
, fol- 
Catalytic effect of DESs
Five kinds of DESs were prepared by p-toluenesulfonic acid or metal salts with ChCl Table 1 . p-Toluenesulfonic acid and metal salts were the HBD, and ChCl was the HBA. Notably, the synthesized DESs were used as the catalyst to prepare soybean oil biodiesel. When compared with metalbased DESs DES-1, DES-2 , the catalytic effect of PTSA and PTSA-based DESs DES-3, DES-4 and DES-5 were much better Fig. 1 . With the molar ratio of PTSA in DESs increasing 1:1 to 1:3 , the catalytic effect of PTSA-based DESs P-DESs was increased. Comparing with PTSA-based DESs DES-3, DES-4 and DES-5 , the catalytic effect decreased using PTSA alone at a same additive amount with P-DESs. It indicated that the catalytic effect of PTSA was increased significantly when the combination of ChCl-PTSA via hydrogen bond formed the P-DESs. Furthermore, P-DESs were not regarded as a heterogeneous to this reaction system, but could separate by-product glycerol easily from reaction system. Thus, P-DESs not only reserved the catalytic activity of PTSA, but also exhibited as a container of by-products e.g. glycerol . The results showed that P-DES DES-5 had high catalytic effect Fig. 1 . In addition, the composition of ChCl and PTSA with molar ratio of 1:3.5 or 1:4 could not produce the corresponding stable DESs, which were not further tested for this reaction. Therefore, P-DES ChCl:PTSA 1:3, DES-5 was selected as the best catalyst for this biodiesel production.
Effect of reaction temperature
Reaction temperature played a vital role in most of organic reactions. In order to study the effect of reaction temperature, a set of temperature experiments 60 , 80 , 100 , 110 and 120 were performed. The results Fig. 2 indicated that when reaction temperature was increased, the higher transesterification yield 96.69 0.42 was obtained at 110 . Continuing increasing the reaction temperature 120 showed a slight fluctuation. Therefore, 110 was chosen as the optimum reaction temperature of transesterification reaction for biodiesel production.
Effect of reaction time
Reaction time was one of the most important factors in various reactions. The effect of reaction time on transesterification reaction was investigated and was shown in Fig . 1 The transesterification yield using different DESs. Reaction condition: temperature and time were chosen at 100 and 2 h; the catalyst was added at an amount of 10 w/w of soybean oil; the molar ratio of methanol to soybean oil was 10:1. Error bars represent the SEMs n 3 . Fig. 2 The effect of different reaction temperatures on transesterification. Reaction time was 2 h; the amount of P-DES was 10 ; molar ratio of methanol to oil was 10:1. Error bars represent the SEMs n 3 . Fig. 3 . As the reaction time was prolonged, the transesterification yield was increased rapidly at first 1 h , and then reached the highest yield of soybean oil biodiesel after 2 h. Continuing prolonging the reaction time 3-4 h led to no further increment of reaction yield of biodiesel. Therefore, 2 h was chosen as the optimum reaction time of transesterification reaction for biodiesel production.
Effect of the amount of P-DES
In the present work, the P-DES acted as both catalyst and solvent. Since this type of reaction was a liquid-liquid reaction soybean oil and methanol , the contact area between catalyst and the substrates was the key to the transesterification reaction. The results in Fig. 4 indicated that PTSA-based DES P-DES with liquid form exhibited better catalytical activity than using PTSA as catalyst alone. Obviously, the amount of PTSA-based DES P-DES also played an important role on the outcome of soybean oil biodiesel production Fig. 4 . When the amount of P-DES catalyst [4] [5] [6] [7] [8] was increased, the transesterification yields were increased rapidly at first, and then became stable in the presence of more amount of P-DES [10] [11] [12] . And the suitable amount of P-DES was 8 , the transesterification yield was the highest. Considering catalytic effect and cost, 8 amount of P-DES was chosen as an optimum amount of catalyst for biodiesel production.
Effect of molar ratio of methanol to oil
The molar ratio of methanol to oil affected the process of transesterification reaction. Firstly, excess amount of methanol was positive as one substrate for such transesterification reaction. More importantly, the solubility of vegetable oils triglycerides in methanol is much lower. Thus, large amount of methanol is required in the transesterification reaction in most cases. Therefore, the effect of molar ratio of methanol to oil was studied and the results were shown in Fig. 5 . When the molar ratio of methanol to oil was increased from 3:1 to 8:1, the transesterification yield was increased obviously. Continuing adding methanol into the reaction system 10:1 and 14:1 led to a slightly decreasing of the yield of soybean oil biodiesel due to dilution of the catalyst and substrates. Therefore, 8:1 was selected as the optimum molar of methanol to oil, and the trans- Fig. 3 T h e e f f e c t o f d i f f e r e n t r e a c t i o n t i m e o n transesterification yield. Reaction temperature was 110 ; the amount of P-DES was 10 ; molar ratio of methanol to oil was 10:1. Error bars represent the SEMs n 3 . Fig. 4 The effect of different amount of P-DES on the transesterification yield. Reaction temperature was 110 ; reaction time was 2h; molar ratio of methanol to oil was 10:1. Error bars represent the SEMs n 3 . Fig. 5 The effect of different molar ratio of methanol to soybean oil on transesterification yield. Reaction temperature was 110 , reaction time was 2 h, the amount of DES was 8 . Error bars represent the SEMs n 3 .
esterification yield of soybean oil biodiesel was 98.66 0.17 .
3.7 Seperation of the transesteri cation product PTSA was considered as a homogeneous catalyst to organic synthesis. When PTSA was combined with ChCl through formation of hydrogen bond to producing PTSAbased DESs P-DES , P-DES would become a heterogeneous catalyst at the moment. Owing to polarity of PTSAbased DESs, they were not only the catalyst of transesterification reaction, but also a good solvent of glycerol Gly . This is because P-DES PTSA/ChCl and glycerol could form a new ternary DES PTSA/ChCl/Gly , as shown in Fig. 6 . Therefore, P-DES could make the transesterification reaction rate faster than using PTSA alone when at a same additive amount. And the ternary DES PTSA/ChCl/Gly was easy to separate from the products, making the overall operation convenient. In addition, the product could not require further washing by water to remove the trace amount of glycerol by-product in the final biodiesel product, which make this process more cleaner.
Moreover, the recyclability experiments of the catalyst were conducted and the results showed that the second catalyst recycling run showed a slight reduction in the transesterification yield 78.58 2.29 than the first catalyst fresh PTSA-based DES run. The above results indicated that PTSA-based DES containing the reaction byproduct glycerol would decrease the activity of the acidic DESs catalyst in the tranesterification process.
Analysis of the transesteri cation products by GC and
FT-IR The transesterification products were analyzed by gas chromatograph GC to monitor the transesterification process. As shown in Fig. 7 , glycerides mainly tri-glyceride in soybean oil 12.0-18.0 min converted into soybean oil fatty acid methyl esters 2.0-3.5 min in high yield. It indicated that transesterification reaction of soybean oil was indeed catalyzed by P-DES.
The transesterification products was also identified by FT-IR spectroscopy Fig. 8 . The bonds of fatty acid methyl ester group C O, -CH 3 in the products were clearly observed. Compared with the FT-IR spectrum of starting material soybean oil, the new bonds, associated with the methyl ester group -O-CH 3 formation, were observed at a bond of 1200-1100 cm 1 . The results of FT-IR spectrum indicated that high purity of soybean oil fatty acid methyl esters was obtained indeed.
Conclusion
In this study, acidic DESs catalysts have been studied in the transesterification of soybean oil with methanol. PTSAbased DES, composed of PTSA and ChCl 1:3, mol/mol , Fig. 6 Before and after the transesterification process, the distribution of reactants and products. Fig. 7 The GC spectroscopy before and after the transesterification reaction. Fig. 8 The IR spectroscopy before and after the transesterification reaction.
was found to be an efficient transesterification catalyst for biodiesel production. The optimum reaction conditions for this transesterification process were as follows: 8 P-DES catalyst, 8:1 molar ratio of methanol to oil, reaction temperature of 110 and 2 h reaction time. The transesterification yield could reach 98.66 0.17 . And the used P-DES exhibited as a heterogeneous catalyst after the reaction, which could be separated easily and clean up the trace amount of glycerol by-product in the final biodiesel product, making this process much cleaner.
